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Using RAD-NETT, a neural network correlation of the non-gray radiative absorption properties of com-
bustion gases (CO2 and H2O) and soot, the emissivity and hemispherical absorptivity of a combustion
mixture to a boundary in a rectangular enclosure is determined. Results show that the both the emissivity
and hemispherical absorptivity have a strong dependence on the mixture properties, as well as the med-
ium temperature and wall temperature. The gray assumption with emissivity equal to absorptivity is
generally inaccurate. The numerical model is used to analyze temperature and heat transfer data gener-
ated from a fire resistance test furnace. Results show that emission and reflection from the wall bound-
aries have a major effect of the radiative heat flux measurement in a test sample in a fire resistance test.
Numerical results also demonstrate that the furnace was operating essentially in an isothermal condition.
From the perspective of a compartment fire, numerical data show that soot emission and emission from
the wall are essential in the initiation of flashover in a compartment fire.

� 2013 Published by Elsevier Ltd.
1. Introduction

In fire safety and other analyses of heat transfer in an absorbing
and emitting combustion medium, the use of a constant emissivity
and absorptivity is a common engineering approach because of the
mathematical complexity to account for the non-gray and three-
dimensional characteristics of radiative heat transfer. Over the
years, a great deal of works have been reported in dealing with
the non-gray multi-dimensional aspect of radiative heat transfer,
particularly in a combustion media [1–4]. However, the proposed
computational approaches are still not sufficiently efficient to
eliminate the need to make this simplifying assumption in practi-
cal engineering system. Until now, there has been few direct
assessment of this important engineering approximation in an ac-
tual three-dimensional combustion environment. In a recent work
[5], a computationally efficient approach was developed for the
evaluation of the total absorptivity of a one-dimensional slab of
combustion mixture (CO2, H2O and soot) using narrow-band
absorption data [6]. Specifically, numerical data for the total
absorptivity, generated by a direct integration of the spectral data,
are correlated by a neural network, RAD-NETT, as a function of the
relevant physical parameters such as source temperature, absorp-
tion gas temperature, partial pressures and soot volume fraction.
Based on RAD-NETT, the analysis of radiative heat transfer in a
three-dimensional structure using realistic spectral data is now
possible as the numerical integration needed for the evaluation
the relevant surface–surface and surface-volume exchange factors
can be done efficiently. Numerical data for these exchange factors
can be further correlated by neural networks so that they can be
implemented efficiently in an energy-balance zonal calculation.
Results from such calculations can be used to demonstrate the
radiative heat transfer characteristics of three-dimensional
structures.

In the present work, the calculation is carried out to determine
the radiative heat transfer in a specific rectangular enclosure.
Numerical data are generated to assess quantitatively the effect
of combustion parameters and geometry on the total emissivity
and hemispherical absorptivity of the mixture. The commonly used
engineering approximation of a gray combustion medium is
assessed.

In fire safety, the use of a fire resistance test furnace to evaluate
the ‘‘destructive potential’’ of building materials under standard-
ized test conditions [7–9] is a commonly accepted practice to fulfill
the various prescriptive and/or performance based fire resistance
requirement. Since the ‘‘standard’’ required is ‘‘to expose building
elements to heating in accordance with a standard temperature–
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Nomenclature

a1
m neural network parameter, Eq. (10)

A1 area corresponds to the test specimen
Ai (I = 1, 6) bounding areas of the fire resistance test furnace
b1

m neural network parameter
b2 neural network parameter
c constant defined by Eq. (6)
C2 second radiation constant
dAi (I = 1, 6) differential areas
fv soot volume fraction
FCO2 fraction of CO2 in gas mixture, Eq. (3)
Fw,i heat flux due to emission from surface Ai

Fij view factor between surfaces Ai and Aj

L line of sight distance between two integration areas
Lc,ij characteristic length (center-to-center distance) be-

tween surfaces Ai and Aj

Ls,ij mean beam length accounting for soot absorption
Lm,ij mean beam length accounting for mixture absorption
n real component of the index of fraction of soot
PCO2 partial pressure of CO2

PH2O partial pressure of H2O
Pg total partial pressure of the absorbing gas, Eq. (2)
qinc,w,i incident radiative flux due to emission from the ith wall,

Eq. (24)
qinc,w,i incident radiative flux due to emission from all sur-

rounding walls, Eq. (25)
qinc,g incident radiative flux due to emission from the mix-

ture, Eq. (26)

qinc incident radiative flux due to emission from the mixture
and walls, Eq. (27)

qo,i radiosity from surface Ai

qog,i radiosity from surface Ai due to mixture emission only
Rs,ij ratio of soot mean beam length to characteristic length,

Eq. (12)
SiSj exchange factor, Eq. (1)
Tg temperature of the combustion mixture
Tw temperature of wall
W1

m neural network parameter
W2

m neural network parameter
X dimension of the fire resistance test furnace
Y dimension of the fire resistance test furnace
Z dimension of the fire resistance test furnace
Da difference between total absorptivity and soot absorp-

tivity, Eq. (4)
a total absorptivity of combustion mixture
as absorptivity of soot, Eq. (5)
ag effective absorptivity of gas mixture, Eq. (23)
eg effective emissivity of gas mixture, Eq. (21)
ew,i emissivity of wall suface Ai

j complex component of the index of refraction
hi angle between the line of sight and unit normal at dAi

hj angle between the line of sight and unit normal at dAj

ss,ij optical thickness due to soot absorption, Eq. (13)

X
Y

Z

A1

A2

A4A3

A5 (back surface)

A6 (front surface)

Fig. 1. The geometry and area identification used in the model for a fire resistance
test furnace.
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time relation’’ [9], there has been much uncertainty and contro-
versy in relating results of the test to ‘‘real world fires’’, particularly
under big fires [10]. For example, the heat load imposed on a test
specimen depends strongly on the size of furnace, the conditions
of the furnace wall and the nature of the combustion gases. Even
when these test conditions are known, an effective heat transfer
and radiation model is needed to relate the temperature–time his-
tory to the heat load on the test specimen. Modeling thus provides
an important link between the test data and the actual ‘‘destructive
potential’’ of the test specimen.

The fundamental understanding of the various heat transfer
processes in a fire resistance test furnace was first reported more
than 20 years ago [7,8]. Over the years, while there were some ef-
forts to come up with different engineering approaches to better
characterize the measured furnace data for design applications
[11,12], very few efforts have been reported to provide further
quantitative understanding of the fundamental heat transfer, in
spite of the significance advances in the understanding of com-
bustion, convective heat transfer and radiative heat transfer. A
primary reason is the difficulty in simulating the realistic effect
of radiation heat transfer in the combustion environment of the
furnace. To account for the non-gray spectral absorption charac-
teristics of the combustion products and the multi-dimensional
effect of the furnace geometry, the computational effort is quite
intensive and difficult to implement in a practical engineering
calculation.

In the present work, the specific geometry of the rectangular
enclosure is selected to be that of a full scale fire resistance test fur-
nace for which some experimental data are available [13,14].
Numerical results will be compared directly with experimental
data to illustrate the radiative heat transfer characteristics of a fire
resistance test furnace. In addition, some general trend on the ef-
fect of radiative heat transfer on the initiation of flashover in a
compartment fire is discussed.
2. Evaluation of emissivity and hemispherical absorptivity of a
comustion mixture

2.1. Mathematical Formulation

A one-zone radiation heat transfer model is developed to deter-
mine the radiative heat flux incident on one of its boundary as a
function of temperature, the nature of the combustion mixture
and the geometry of the furnace. The volume is assumed to be a
three dimensional rectangular enclosure with dimensions X, Y
and Z as shown in Fig. 1.

Even in a one zone model in which the temperature and com-
bustion conditions are assumed to be uniform in the furnace inte-
rior, radiative heat transfer is three-dimensional and the various
exchange factors must be evaluated for the particular furnace
geometry. Specifically, the exchange factor between two surfaces
is given by



Table 1
Neural network data for the soot mean beam length Ls,ij for perpendicular surfaces in
the fire resistance test furnace.

i j ss;ij;min

ss;ij;max

RLs;ij ;min

RLs;ij ;max

W1 b1 W2 b2

1,2 3,4 0.05 0.117 3.304 �5.078 �2.154 3.866
20.0 0.795 1.671 2.107 �1.877

�9.814 �11.07 5.024

1,2 5,6 0.05 0.112 3.235 �5.146 �2.909 3.183
20.0 0.704 1.659 2.062 -1.825

�9.625 �10.91 5.145

3,4 5,6 0.05 0.102 3.245 �5.140 �2.704 2.957
20.0 0.685 1.623 1.967 �1.609

�8.926 �10.15 4.935
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SiSj ¼
Z

Ai

Z
Aj

b1� aðTw; Tg ; PgL; FCO2 ; fvLÞc cos hi cos hj

pL2 dAi dAj ð1Þ

In Eq. (1), L is the line-of-sight distance between the two integration
area elements dAi and dAj. hi and hj are the angles between the line-
of-sight and the unit normal vector of the two differential area ele-
ments. Tw is the temperature of the emitting wall and Tg the tem-
perature of the absorbing gas. fv is the soot volume fraction. Pg is
the total partial pressure of the absorbing gas given by

Pg ¼ PCO2 þ PH2O ð2Þ

with PCO2 and PH2O being the partial pressure of CO2 and H2O respec-
tively and

FCO2 ¼
PCO2

Pg
ð3Þ

The total absorptivity, aðTw; Tg ; FCO2 ; PgL; fmLÞ, is evaluated along the
line of sight between the two area elements. Utilizing the formula-
tion of RAD-NETT, the total absorptivity is separated into two com-
ponents as follow:

aðTw; Tg ; PgL; FCO2 ; fvLÞ ¼ DaðTw; Tg ; PgL; FCO2 ; fvLÞ þ asðTw; fvLÞ ð4Þ

as(Tw, fvL) is the absorptivity due to soot absorption only and is gi-
ven by

asðTw; fvLÞ ¼ 1� 15
p4 wð3Þ 1þ cLTw

C2

� �
ð5Þ

with

c ¼ 36pfv
nj

ðn2 � j2 þ 2Þ2 þ 4n2j2
ð6Þ

C2 is the second radiation constant and w(3)(z) is the pentagamma
function. The added absorptivity, DaðTw; Tg ; PgL; FCO2 ; fmLÞ, is corre-
lated by a neural network over the following range of mixture
properties

0 6 Pg 6 100 kPa
0 6 FCO2 6 1:0
0 6 fv 6 1:0e� 7
400 K 6 Tw; Tg 6 1400 K

ð7Þ

with the total pressure of the furnace maintained at 100 kPa
(1 atm).

While the exchange factor can be easily evaluated for a give
geometry and mixture properties with the RAD-NETT correlation
and a numerical integration, it is still computationally intensive
in an actual engineering calculation in which the mixture proper-
ties and the wall temperature can be changing continuously. To
facilitate a more efficient computational approach, the exchange
factor is written as

SiSj ¼ AiFijb1� DaðTw; Tg ; PgLm;ij; FCO2 ; fvLm;ijÞ � as;ijðTw; fvLs;ijÞc ð8Þ

where Fij is the view factor between the two surfaces, and Lm,ij and
Ls,ij are two ‘‘mean beam length’’ introduced to characterize the
absorption by the soot (as,ij(Tw, fvLs,ij)) and the gas mixture
(DaðTw; Tg ; PgLm;ij; FCO2 ; fvLm;ijÞ) respectively. The concept of mean
beam length was introduced originally to separate the effect of
geometry from mixture properties on the evaluation of exchange
factor [15]. While this separation works for some selective geome-
try and also in the limit of small optical thickness, the mean beam
length is generally a function of both mixture properties and geom-
etry [16]. Nevertheless, the influence of geometry on the mean
beam length is expected to be less and it is therefore more efficient
to develop correlations for mean beam lengths than for the ex-
change factors.
The development of neural networks for the different mean
beam lengths is carried out for (X,Y,Z) = (4 m,5 m,3 m). These
dimensions are selected because they correspond to those of a full
scale fire resistance test furnace for which experimental data for
surface heat flux are available [13,14]. This will facilitate the inter-
pretation of testing data which will be conducted in a later section.

For parallel surfaces, the three relevant mean beam lengths are
demonstrated numerically to be independent of the mixture prop-
erties as follow:

Ls;12 ¼ Lm;12 ¼ 1:165Z

Ls;34 ¼ Lm;34 ¼ 1:1X

Ls;56 ¼ Lm;56 ¼ 1:06Y

ð9Þ

For two surfaces which are perpendicular, both mean beam lengths
depend strongly on the soot and mixture properties and they are
tabulated over the range of properties as given by Eq. (7). The
numerical data are then correlated by neural networks.

The soot mean beam lengths are correlated by a two-layer neu-
ral network as follow:

~RLs;ij
¼
X3

m¼1

a1
mW2

m þ b2 ð10Þ

with

a1
m ¼ tanhbW1

m
~ss;ij þ b1

mc; m ¼ 1;3 ð11Þ

where

RLs;ij
¼ Ls;ij

Lc;ij
ð12Þ

and ss,ij is the soot optical thickness between the two surfaces given
by

ss;ij ¼
cLc;ijT

C2
ð13Þ

with Lc,ij, the characteristic length, is defined to be the center-to-
center distance between the two surfaces. The symbol ~x stands
for the normalized value of the variable which takes on the value
of 0 and 1 corresponded to the minimum and maximum value of
the variable respectively. Numerical values of minimum and maxi-
mum value of the optical thickness and mean beam length, together
with the network elements are given in Table 1.

For the mixture mean beam length, Lm,ij, numerical data show
that for small mixture pressure-pathlength (PgLc,ij), the mean beam
length is only a function of the mixture pressure-pathlength and
independent of other mixture properties as shown in Fig. 2. For Pg-

Lc,ij > 5, the mean beam length depends strongly on the mixture
properties and they are correlated by neural networks. In general,
a three-layer network with dimensions similar to those used for
RAD-NETT are needed for the correlation. Numerical data for the



Fig. 2. The mixture mean beam length for perpendicular areas for the considered
fire resistance test furnace for small and moderate mixture pressure-pathlengths.
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networks are presented in a separate reference [17] and will be
available upon request.

With the tabulated mean beam lengths, a zonal analysis is car-
ried out to determine the radiative heat flux incident on the sur-
faces. Since the exchange factors depend both on the source
temperature (Tw) and the medium (Tg), separate analyses are
needed to determine the incident heat flux due to the emission
from the different walls and that due to the gas mixture. Specifi-
cally, a zonal analysis is carried out for one hot wall (Ai), with emis-
sivity ei, maintained at temperature Tw,i while the remaining walls
are assumed to be non-emitting (Tw,j = 0, j – i) with emissivity of ej.
The mixture is assumed to be absorbing and non-emitting at tem-
perature Tg. Assuming that all surfaces are diffuse, the relevant
equations generated from the zonal analysis [18,20] are

ðrT4
w;i � qo;iÞAiei

ð1� eiÞ
¼ Aiqo;i �

X
k–i

SiSkðTw;i; TgÞqo;k ð14Þ

ð�qo;jÞAjej

ð1� ejÞ
¼ Aiqo;j �

X
k–j

SjSkðTw;i; TgÞqo;k; j – i ð15Þ

Note that in Eqs. (14) and (15), all the exchange factors are evalu-
ated at a source temperature of Tw,i and a medium temperature of
Tg. The heat transfer to the different walls are given by

Q i ¼
X
k–i

SiSkðTw;i; TgÞqo;k � Aiqo;i ð16Þ

And the heat transfer into the absorbing and non-emitting medium
is

Q g ¼
X6

i¼1

Ai �
X
j–i

SiSjðTw;i; TgÞ
" #

qo;i ð17Þ

To account for the mixture emission, another analysis is carried
out for an absorbing and emitting mixture with reflecting but non-
emitting walls. The relevant equations are

ð�qog;iÞAiei

ð1� eiÞ
¼ Aiqog;i �

X
j–i

SiSjðTg ; TgÞqog;j �
X
j–i

½AiFij

� SiSjðTg ; TgÞ�rT4
g ð18Þ
for all the absorbing, non-emitting wall (i = 1, 6). The heat transfer
to the wall is now given by

Qi ¼
X
k–i

SiSkðTg ; TgÞqog;k � Aiqog;i þ ½Ai �
X
j–i

SiSjðTg ; TgÞ�rT4
g ð19Þ

and the heat transfer to the medium is

Qg ¼
X6

i¼1

Ai �
X
j–i

SiSjðTg ; TgÞ
" #

½qog;i � rT4
g � ð20Þ

With repeated application of Eqs. (14)–(17) to each surrounding
emitting walls and together with Eqs. (18)–(20) for the emitting
medium, the radiative heat transfer to the different walls and the
medium for an enclosure with different boundary conditions and
properties can be readily determined.

2.2. Radiative properties of a CO2/H2O/soot mixture

One of the important parameters which are of interest to the
heat transfer community is the emissivity and absorptivity of the
combustion medium. In reference [7], for example, it was sug-
gested that for a fire resistance test furnace and based on ‘‘mea-
surements made with a narrow-angle radiometer viewing the gas
through a porthole against a water-cooled surface installed across
the furnace’’, the effective absorption coefficient is estimated to be
in the range of 0.18–0.22. For a characteristic length of 3 m, these
data suggested an absorptivity in the range of 0.42–0.48. The cur-
rent model provides an opportunity to assess this important prop-
erty based on fundamental physics.

For a given set of mixture properties and temperature, the emis-
sivity of the mixiture, radiating to the test specimen (area A1) can
be obtained from the solution to the analysis of an emitting med-
ium and reflecting and non-emitting walls (Eq. (19)) as

eg ¼
Q 1

A1rT4
g

¼ 1
A1

1�
X6

j¼2

S1SjðTg ; TgÞ
" #

þ 1
A1rT4

g

X6

j¼2

½A1F1j

� S1SjðTg ; TgÞ�qog;j ð21Þ

Note that the second term corresponds to the added emission to the
test specimen due to the reflection of the surrounding walls. The con-
cept of gas absorptivity, in general, depends on the direction and the
orientation of the emitting surface. For a single emitting surface, Ai,
with temperature Tw,i, solution to Eqs. (14)–(17) can be used to give

ag;iðTw;i; TgÞ ¼
1

A1F1irT4
w;i

X6

j¼2

½A1F1j � S1SjðTw;i; TgÞ�qo;j ð22Þ

The hemispherical absorptivity, ag(Tw, Tg), which is generated by
assuming all the surrounding wall are emitting at the same temper-
ature Tw, is given by

agðTw; TgÞ ¼
1
A1

X6

j¼2

A1F1jag;jðTw; TgÞ ð23Þ

For a typical gaseous concentration found in a combustion
products (PCO2 = 5 kPa, PC2O = 5 kPa), the emissivity of the mixture
as a function of gas temperature and soot volume fraction with
black surrounding wall is shown in Fig. 3. Both the mixture tem-
perature and soot volume fraction have strong effect of the mixture
emissivity. For the case with no soot, the qualitative effect of tem-
perature on the emissivity is similar to that of a one-dimensional
layer [19]. The slight nonlinearity in the region of 700 K corre-
sponds to the effect of the strong CO2 absorption band at 4.2 lm.
It is interesting to observe that while the emissivity is generally



Fig. 3. The emissivity of the mixture for the considered fire resistance test furnace
with black surrounding wall.

Fig. 4a. Effective of wall emissivity on the mixture emissivity in the considered fire
resistance test furnace for a pure gas mixture.

Fig. 4b. Effective of wall emissivity on the mixture emissivity in the considered fire
resistance test furnace for a sooty mixture.

Fig. 5a. The absorptivity of the mixture for the considered fire resistance test
furnace at different wall temperature (the emissivity of the mixture is also shown in
the figure for comparison).
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a decreasing function with gas temperature for a pure gas mixture
(fv = 0), it becomes an increasing function with temperature for a
sooty mixture (fv > 5.e�8).

The effect of wall reflectivity on the effective mixture emissivity
is shown in Figs. 4(a) and 4(b). For simplicity, all surrounding walls
are assumed to be at the same emissivity, ew, in the calculation for
these data. As expected, the effective emissivity increases as the
wall reflection increases.

It should be noted that as shown by data in Figs. 3, 4(a) and 4(b),
the mixture emissivity is much less than unity even in the case of
high soot concentration and high wall reflectivity. The assumption
of a ‘‘black’’ combustion product mixture is therefore an idealiza-
tion which is not supported by fundamental physics.

For a pure gas mixture, the hemispherical absorptivity as a
function of wall temperature and mixture temperature is shown
in Fig. 5(a). At different wall temperature, the hemispherical
absorptivity decreases with increasing gas temperature, which is
opposite to the trend for emissivity for a pure gas. The hemispher-
ical absorptivity for a sooty mixture is shown in Fig. 5(b). The



Fig. 5b. The absorptivity of a sooty mixture for the considered fire resistance test
furnace at different wall temperature (the emissivity of the mixture is also shown in
the figure for comparison).

Fig. 6. Comparison between the measured furnace temperature and the ASTM E119
time–temperature curve used in the calculation.
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hemispherical absorptivity for a sooty mixture increases with wall
temperature, particularly in the region of low mixture
temperature.

Comparison between the emissivity and hemispherical absorp-
tivity demonstrates clearly that the two properties are different
and have different dependence on combustion parameters. The
assumption of a gray medium with constant and equal emissivity
and hemispherical absorptivity for the combustion products is,
therefore, not supported by fundamental physics.
3. Analysis of a fire resistance test furnace

A primary objective of a fire resistance test furnace is to deter-
mine the heat load on test specimen for a given combustion condi-
tion. In Refs. [13,14], for example, temperature and heat flux data
were obtained from a full scale fire resistance test furnace
(5 m � 4 m � 3 m) and also from an intermediate scale
(1.2 m � 1.8 m � 0.5 m) in an attempt to resolve the difficult issue
of scaling in fire resistance testing. Since full scale tests are time
consuming and expensive, there are significant interest in perform-
ing small scale tests and utilizing the data for design and safety
applications. Based on measured heat fluxes obtained from the
two furnaces generated with the same time–temperature heating
profile generated by a propone-fired combustion, it was concluded
that the heat exposure in the intermediate-scale furnace is only
slightly higher (15%) than in the full-scale furnace. The authors
concluded that ‘‘For fire exposure, testing an assembly in an inter-
mediate-scale furnace will provide a conservative performance
compared to a full-scale furnace’’.

Even though the amount of quantitative data presented in Refs.
[13,14] are limited (only furnace temperature and heat flux at the
test specimen are presented), an analysis based on RAD-NETT can
be used to provide a quantitative interpretation of the experimen-
tal data and to give an assessment of the relevant radiaitve heat
transfer mechanisms in the furnace. In the experiment, the
combustion within the furnace is controlled so that the measure
furnace average temperature follow the ASTM E119 time–temper-
ature curve [9] as shown in Fig. 6. Since it is difficult to determine
the exact control mechanism to maintain the furnace temperature
(e.g. the amount of fuel consumed by the combustion, the mixture
conditions, etc.), it is not possible to do a complete simulation of
the furnace performance based on first principle. The present work
thus focuses only on the radiative heat transfer. Even though con-
vection is expected to have an important contribution to the over-
all heat transfer [11,12], the radiation-only analysis can still be
effective in illustrate some qualitative aspects of the heat transfer
process.

A computer code, FRTF-RAD (Fire Resistance Testing Furnace
with Radiation), is developed to determine the incident radiative
heat flux on the test specimen. The code incorporates the zonal
analysis presented in the previous section with all the neural net-
work exchange factors. The mixture temperature history and the
wall temperature history for all the enclosure boundaries except
area A1 are prescribed by the user as input conditions. Since the
objective is to determine the incident heat flux on the test sample,
the area A1 is assumed to be a non-emitting but reflecting surface.
Based on solution to Eqs. (14) and (15), the incident flux due to the
emission from a single emitting wall can be generated from the
radiosity from the different walls as

qInc:;w;iðTw;i; TgÞ ¼
1
A1

X6

j¼2

S1SjðTw;i; TgÞqo;j ð24Þ

The total incident flux due to emission from all the surrounding
walls is given by

qInc:;w ¼
X6

j¼2

qInc:;w;jðTw;j; TgÞ ð25Þ

The incident flux due to the mixture emission can be generated
from the solution to Eq. (18) as

qInc:;g ¼
1
A1

X
k–1

S1SkðTg ; TgÞqog;k þ 1� 1
A1

X
j–1

SiSjðTg ; TgÞ
" #

rT4
g ð26Þ

and the total incident radiative heat flux due to both wall and gas
emission is given by

qinc ¼ qinc;w þ qinc;g ð27Þ



Fig. 7. Comparison between the measured heat flux to the test specimen at the full-
scale fire resistance furnace and the predicted radiative heat flux from the emission
of combustion products only.

Fig. 8a. Prediction of heat flux from the different walls and the heat flux from the
combustion mixture to the test specimen with fv = 0.0. The wall temperature is
assumed to be identical to the temperature of the mixture.

Fig. 8b. Prediction of heat flux from the different walls and the heat flux from the
combustion mixture to the test specimen with fv = 5.0e�8. The wall temperature is
assumed to be identical to the temperature of the mixture.
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Using the ASTM E119 time–temperature curve and assuming a
moderate value of partial pressure (5 kPa) for H2O and CO2, the heat
flux to the test specimen (A1) generated by the combustion gas/soot
mixture in the full scale furnace at various soot volume fraction, to-
gether with the experimental data from three independent repeated
tests, are shown in Fig. 7. It is apparent that emission from the com-
bustion gases/soot mixture is insufficient to generate the observed
heat flux, even when the soot volume fraction is increased to phys-
ically unrealistic large values. These results suggest strongly that
the radiation from the furnace wall contributes significantly to
the total heat flux at the test specimen.

Thermodynamically, it can be shown that for an isothermal fur-
nace with the furnace walls maintained at the same temperature
as the combustion medium, the heat flux to the test specimen is
a maximum and corresponds to that of a blackbody at the furnace
temperature. The numerical data for an isothermal furnace, to-
gether with the measured heat flux, are presented in Figs. 8(a)
and 8(b). The measured heat flux for all three cases follows the
blackbody heat flux closely, suggesting that the furnace is indeed
operating essentially at the isothermal condition. The slight in-
crease in the measured temperature in tests 2 and 3 can probably
attributed to convective heat transfer and the possibility that some
portion of the walls might be at a temperature higher than the
combustion temperature. Indeed, given that the heat exposure
for both the full scale and intermediate scale furnace correspond
closely to the blackbody heat flux (with the intermediate scale
slightly higher) [13,14], the test results show that both furnaces
are operating isothermally. The general conclusion that ‘‘an inter-
mediate-scale furnace will provide a conservative performance
compared to a full-scale furnace’’ reached in reference [13,14] is
therefore applicable only for an isothermal furnace. Additional
studies are required to understand the scalability of test results
generated from non-isothermal furnaces.
4. Conclusion

Using RAD-NETT, a numerical model is developed to analyze the
radiative heat transfer within a rectangular enclosure. For a three-
dimensional rectangular enclosure, the general behavior of the
emissivity and hemispherical absorptivity is demonstrated. The
method is also applied to the analysis of radiative heat transfer
in a fire resistance furnace. The success of the current work demon-
strates that RAD-NETT, together with neural network, can be used
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to developed efficient computational tool to provide realistic non-
gray multi-dimensional radiative heat transfer analysis for practi-
cal engineering systems. These efforts will be pursued in future
work.
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